Object. An increasing emphasis is being placed on the preservation or restoration of neutral upright sagittal spinal alignment in both deformity surgery and routine spinal operations. Sagittal spinal alignment is becoming recognized as an important predictor of a patient's outcome after spinal surgery. In this literature review, the authors analyze data obtained from previously published studies conducted to evaluate neutral upright sagittal spinal alignment from the occiput to the pelvis in asymptomatic adults.
S our understanding of regional and global spinal alignment continues to evolve, increasing emphasis is being placed on the preservation or restoration of neutral upright sagittal spinal alignment. The regional and global alignment of the spine after fixation and fusion is increasingly recognized as a significant factor in postoperative clinical outcomes. 5, 11, 17, 20, 26 From occipitocervical fusion to lumbosacral fusion, the preservation of neutral upright sagittal spinal alignment has been reported to prevent the postoperative development of deformity and adjacent-segment disease as well as to ensure improved clinical outcomes. 5, 11, 17, 20, 26 To better understand regional and global neutral upright sagittal spinal alignment, we performed a literature review to identify studies undertaken to evaluate neutral upright sagittal spinal alignment from the occiput to the pelvis in asymptomatic adults without spinal disease and with demographic features similar to those in patients evaluated in an adult spine clinic. Primary inclusion criteria were used to identify studies with large numbers of asymptomatic adult volunteers over a broad age range, with a mean study age of 30 to 60 years, and with a sex/sex ratio not exceeding 70:30. Although more than 20 years of published studies have evaluated regional and global sagittal spinal alignment in asymptomatic individuals, the authors of only few studies, to date, have evaluated neutral upright sagittal occiput-pelvis alignment in the same group of individuals in the same study. Most published studies have been focused on either occipitocervical or thoracolumbosacropelvic alignment. Derived from articles that met the primary inclusion criteria, a secondary set of inclusion criteria was ap-plied for the selection of angles and displacements for statistical analysis. Secondary inclusion criteria required that an angle or displacement be reproducible in two or more independent studies obtained by different author groups and that a total of 150 or more asymptomatic individuals have been evaluated. For angles and displacements that met the secondary inclusion criteria, pooled estimates of the mean and variance were calculated. In regional areas of the spine where angles and displacements did not meet secondary inclusion criteria, angles and displacements were selected from the articles that met primary inclusion criteria. Twenty-three angles and displacements were identified for the evaluation of neutral upright sagittal occiput-pelvis alignment in asymptomatic adults.
Clinical Material and Methods

Literature Review
A literature review was conducted to identify studies conducted to evaluate neutral upright sagittal spinal (occiput-pelvis) alignment in asymptomatic adults. We performed a computerized search of the National Library of Medicine database of literature published between 1966 and 2005. The following medical subject headings were cross-referenced: chin-brow, gaze, occiput, occipitocervical, cervical, cervicothoracic, thoracic, thoracolumbar, lumbar, lumbosacral, sacrum, pelvis, hip axis, angle, alignment, kyphosis, lordosis, axis, sagittal, balance, normal, and asymptomatic. Non-English language citations and nonhuman studies were excluded. Titles and abstracts were reviewed, and relevant articles were selected for evaluation. References of selected articles were reviewed for additional English-language clinical studies. Each of us contributed articles known to us on the subject matter. Of the identified articles, the following primary inclusion criteria were used for articles to be included in our data analysis: 1) studies of asymptomatic volunteers with no history of spinal disease; 2) studies of adults (Ͼ 18 years of age) or studies in which the adult data could be evaluated separately from the pediatric data; 3) age of individuals in the study from at least four decades of life (mean study age 30-60 years), and sex/sex ratio not to exceed 70:30; 4) 50 or more asymptomatic individuals in the study (analyzed separately from any symptomatic individuals); 5) occiptocervical and cervical angles and displacements measured on standard lateral cervical radiographs obtained in individuals in a neutral upright position (standing or sitting with the neck in a neutral position and horizontal gaze); 6) thoracic, lumbar, sacral, and pelvic angles and displacements, including sagittal spinal balance, measured on standard lateral long-cassette radiographs obtained in individuals in a neutral upright standing position (standing with the knees and hips extended, the shoulders flexed, and horizontal gaze); 7) clinical (horizontal gaze) measurements performed on lateral photographs obtained of individuals in a neutral upright standing position (standing with the knees and hips extended, the shoulders neutral, and horizontal gaze); additionally, 8) multiple articles concerning the same patient group were included only if different angles and displacements were measured in the subsequently published articles (the same patients with the same measurements from separate publications were included once).
From articles that met the primary inclusion criteria, a secondary set of inclusion criteria were used for the selection of angles and displacements to be included in the data analysis (pooled estimates of the mean and variance): 1) reproducible angle and displacement measurements; 2) two independent studies from different author groups that evaluated the angle or displacement; and 3) a total of 150 or more individuals evaluated for each angle or displacement (in the two or more articles evaluating the parameter).
Statistical Analysis
Pooled estimates of the mean and variance of angles and displacements meeting secondary inclusion criteria were calculated from studies meeting the primary inclusion criteria. Variations in sampling methods that may introduce heterogeneity to the study's results were modeled using a random effects model in which observed values were assumed to arise as a summation of a population mean value, a random study-specific "mean effect" and random deviations due to individual variability. Mean values were calculated as weighted averages of study-specific means, weighted by the relative amount of data contributed by each study. Variances of pooled data were calculated by adding the sum of the squared components of variation due to intra-and interstudy components, divided by the total number of degrees of freedom, and equal to the number of data points minus one.
In three studies, 6, 20, 22 the angular measurements data presented were stratified for age and sex. After exclusion of pediatric data, pooled estimates of the mean and variance of the angles were calculated for each article. The means were calculated as weighted averages, weighted by the relative amount of data contributed by age and sex. Variances of pooled data were calculated in a similar manner with components of variation applied to age-sex groups.
Results
Based on our review of the English-language literature, we found 12 articles that met primary inclusion criteria, and 17 angles and displacements that met secondary inclusion criteria (Table 1 ). In regional areas of the spine where measurements did not meet secondary inclusion criteria, six angles and displacements were selected from articles that met primary inclusion criteria (see Table 1 ). The additional six angles and displacements were thought to be important by all authors but were not sufficiently studied to meet secondary inclusion criteria. No study in our literature review that met primary inclusion criteria was undertaken to evaluate occipital, cervical, thoracic, lumbar, sacral, and pelvic parameters in the same set of individuals. Previous studies have predominantly been focused on either occipitocervical or thoracolumbosacropelvic angles and displacements. The neutral upright sagittal spinal alignment data (Table 2 ) include pooled estimates of the mean and variance calculated for angles and displacements that met secondary inclusion criteria. Schematic illustrations of representative clinical and radiographic measuring techniques for determining sagittal 
ϩ41.2 Ϯ 7.0 (ϩ17 to ϩ63) 39.4 Ϯ 11.0 spinal alignment angles and displacements are shown in Figs. 1 and 2 . Descriptions of the sagittal occiput-pelvis alignment angles, displacements, and reference points are included below.
Kyphosis is indicated by a positive value whereas lordosis is indicated by a negative value.
The occipitocervical angle (occiput-C2) was defined as that subtended by the McGregor line and a line drawn parallel to the inferior endplate of C-2. The McGregor line is drawn from the posterosuperior aspect of the hard palate to the most caudal point on the midline of the occipital curve. 21 Cervical lordosis angles were defined from C-1 to C-7. The C1-2 angle was defined as that subtended by a line drawn parallel to the inferior aspect of C-1 and a line drawn parallel to the inferior endplate of C-2. The C2-7 angle was defined as that subtended by a line drawn parallel to the posterior border of the C-2 VB and a line drawn parallel to the posterior border of the C-7 VB.
Cervicothoracic junction angles were defined from C-6
to T-4, as measured using the Cobb method. 2 Few reliable data for neutral upright sagittal spinal alignment in this region were identified. The T1-5 angle was measured from the superior endplate of T-1 to the inferior endplate of T-5.
Thoracic kyphosis angles were defined from T-1 to T-12, as measured using the Cobb method. 2 The T1-12 angle was measured from the superior endplate of T-1 to the inferior endplate of T-12, and the T4-12 angle was measured from the superior endplate of T-4 to the inferior endplate of T-12.
Thoracolumbar junction angles were defined from T-10 to L-2, as measured using the Cobb method.2 The T10-L2 angle was measured from the superior endplate of T-10 to the inferior endplate of L-2. The T10-12 angle was measured from the superior endplate of T-10 to the inferior endplate of T-12.
Lumbosacral lordosis angles were defined from the T12-L1 segment to S-1, as measured using the Cobb method. 2 The angle from the T12-L1 segment to S-1 was measured from either the inferior endplate of T-12 or the superior endplate of L-1 to the superior endplate of S-1. The L1-5 angle was measured from the superior endplate of L-1 to the inferior endplate of L-5. The L4-5 angle was measured from the superior endplate of L-4 to the superior endplate of L-5. The L5-S1 angle was measured from the superior endplate of L-5 to the superior endplate of S-1.
The thoracic and lumbar apices are reported for the vertebra at the apex of the thoracic and lumbar curves.
Sagittal spinal balance was defined from the cervical (C-2 and C-7) and thoracic (T-1 and T-9) spine to the sacrum or HA. The C2-S1 SVA was defined as the horizontal distance from a vertical plumb line centered in the tip of the C-2 odontoid process to the posterosuperior corner of S-1 endplate. The C7-S1 SVA was defined as the horizontal distance from a vertical plumb line centered in the middle of the C-7 VB to the posterosuperior corner of S-1 endplate (alternatively, the horizontal distance has been measured to the anterosuperior corner of S-1). 4 The C2-S1 SVA and C7-S1 SVA have a positive value when the vertical plumb line is anterior to the sacral reference point and a negative value when the vertical plumb line is posterior to the sacral reference point. The T1-HA STA was defined as the angle subtended by a vertical reference line through the HA and a line drawn from the midpoint of the T-1 VB to the HA. The T9-HA STA was defined as the angle subtended by a vertical reference line through the HA and a line drawn from the midpoint of the T-9 VB to the HA. The T1-HA STA and T9-HA STA have positive value when the T-1 or T-9 midpoint is anterior to the HA vertical reference line and a negative value when the T-1 or T-9 midpoint is posterior to the HA vertical reference line.
Pelvic morphology and rotation are defined by the pelvic incidence, pelvic tilt, sacral slope, and sacral inclination. The pelvic incidence is a constant value unaffected by body posture. It was defined as an angle subtended by a line drawn from the HA to the midpoint of the sacral endplate and a line perpendicular to the center of the sacral endplate. 19 The HA was defined as the midpoint between the approximate centers of both femoral heads. In contrast to the pelvic incidence, the sacral slope, pelvic tilt, and sacral inclination are posture-dependent values and change with rotation of the pelvis on the HA. The sacral slope was defined as the angle subtended by a horizontal reference line and the sacral endplate. The pelvic * Assuming a normal distribution for sagittal spinal angles and displacement in the population, the mean Ϯ 1 SD equals approximately 68% of the population and the mean Ϯ 2 SDs equals approximately 95% of the population.
† These angles and displacement were obtained from articles that met primary inclusion criteria, but that themselves did not meet secondary inclusion criteria.
‡ Measured from the posterosuperior corner of the S-1 endplate.
tilt was defined as the angle subtended by a vertical reference line through the HA and a line drawn from the midpoint of the sacral endplate to the HA. Pelvic tilt has positive value when the midpoint of the sacrum is posterior to the vertical reference line and a negative value when the midpoint of the sacrum is anterior to the vertical reference line. Geometrically, these pelvic angles produce the following equation: pelvic incidence = sacral slope ϩ pelvic tilt. 19 Sacral inclination was defined as the angle subtended by a vertical reference line and a line drawn parallel to the posterior border of the proximal two sacral vertebrae.
The CBVA was defined as the angle subtended by a vertical reference line and a line drawn parallel to the chin and brow with the neck in a neutral or fixed position and the knees and hips extended. In contrast to the previously defined radiographic parameter, the CBVA is a clinical measurement of the total flexion deformity of the spine and the effect on horizontal gaze.
Discussion
The preoperative assessment of upright sagittal spinal alignment is increasingly recognized as important. Matsunaga and colleagues 20 performed a follow-up study (Ն 5 years) of 38 patients with rheumatoid arthritis who underwent occipitocervical fusion; fixation/fusion in patients with an abnormal lordotic occipitocervical angle was associated with the development of subaxial kyphosis or swan-neck deformity, whereas fixation/fusion in patients with an abnormal kyphotic occipitocervical angle was associated with the development of subaxial subluxation. No patient in whom the occipitocervical angle was fixed within the normal range developed kyphosis or swan-neck deformity, and only one patient in whom the occipitocervical angle was fixed in the normal range developed subaxial subluxation. Hioki and associates 11 reported on 19 patients who underwent two-level lumbar interbody fusion for lumbar degenerative disease and Kawakami et al. 15 reported on 47 patients who underwent posterolateral fusion for degenerative spondylolisthesis; in both studies, clinical outcome was improved after restoration of lumbosacral lordosis. Kumar et al. 17 reported on 83 patients who underwent lumbar fusion for degenerative disc disease. The lowest incidence of adjacent-level change was demonstrated in patients with a normal C-7 plumb line and normal sacral inclination in the immediate postoperative period compared with patients in whom one or both parameters were abnormal. Glassman et al. 5 recently reported on 352 adult patients with spinal deformity and positive sagittal spinal balance who had undergone previous surgical treatment; they noted that "all measures of health status showed significantly poorer scores as C-7 plumb line deviation increased." In a study of 34 patients with ankylosing spondylitis who had undergone corrective kyphotic deformity surgery, Suk et al. 26 reported that an overcorrected (negative) postoperative CBVA correlated with poorer functional outcome. An increasing amount of data in the literature is underscoring the correlation of clinical outcome after spinal surgery and sagittal spinal alignment.
With the increasing evidence of the importance of sagittal spinal alignment in patient evaluation and surgical planning, we sought to better understand neutral upright sagittal spinal alignment in asymptomatic adults in whom demographic features were similar to those in patients evaluated in an adult spinal clinic. A literature review was performed to identify studies of neutral upright sagittal spinal (occiput-pelvis) alignment in large numbers of asymptomatic (no spinal disease) adult volunteers over a broad age range (mean age in each study 30-60 years and a sex/sex ratio not to exceed 70:30). Evaluation of the data obtained in the 12 studies included in our statistical analysis revealed that there is a wide variation in "normal," with minimum and maximum asymptomatic values often far outside 2 SDs of the mean. 1, 4, 6, 7, [12] [13] [14] 16, 18, 20, 22, 29 As the authors of these 12 studies and others have shown, the component curves of the spine are not independent and separable entities, and although closely related, sagittal spinal balance is not the same as the center of gravity line and postural balance. 3, 23 The application of neutral upright sagittal spinal alignment values to individual patients must be done with caution, yet it is important that we as spine surgeons better understand the clinical and radiographic evaluation of neutral upright sagittal spinal alignment for the benefit of our patients.
In our analysis, assuming a normal distribution, there was a wide variation in the neutral upright regional curves from the occiput to the pelvis for 95% of the population (mean Ϯ 2 SDs). The occipitocervical angle ranged from 0 to Ϫ28˚. The C2-7 angle ranged from ϩ11˚ of kyphosis to Ϫ45˚ of lordosis. Thoracic kyphosis (T1-12) and lumbosacral lordosis (T12-S1) ranged from ϩ25 to ϩ65å nd Ϫ40 to Ϫ84˚, respectively. Pelvic rotation around the HA ranged from a pelvic tilt of ϩ1 to ϩ25˚. The greatest variation in regional curves occurred in the cervical spine from C-2 to C-7. The greatest focal angulation in the spine occurred from L-4 to S-1; approximately 70% of total lumbosacral lordosis (T12-S1) occurred from the superior endplate of L-4 to the superior endplate of S-1.
Despite the wide variation in the neutral upright regional spinal curves and pelvic HA rotation in asymptomatic adults, the C2-S1 SVA, C7-S1 SVA, T1-HA STA, and T9-HA STA were maintained in narrower range for alignment of the spine over the pelvis and femoral heads. Assuming a normal distribution, for 95% of the population (mean Ϯ 2 SDs), the C2-S1 SVA ranged from Ϫ47 mm posterior to ϩ73 mm anterior to the posterosuperior corner of S-1, and the C7-S1 SVA ranged from Ϫ48 mm posterior to ϩ48 mm anterior to the posterosuperior corner of S-1. The T1-HA STA ranged from Ϫ7˚ posterior to ϩ5˚ anterior to the HA vertical reference line, and the T9-HA STA ranged from Ϫ17 to Ϫ5˚ posterior to the HA vertical reference line. Although the SVA measures distance displacement from the posterosuperior corner of S-1, and STA measures angular displacement from the HA vertical reference line, the neutral upright sagittal spinal balance measured by both techniques is remarkably similar (with a simple trigonometric calculation including mean spinal distances for adults on long-cassette radiographs, the mean SVA distance displacements can be converted to angular displacements, and the mean ranges are similar to the STA measurements). Although the regional undulating lordotic and kyphotic spinal curves in asymptomatic adults vary widely, sagittal spinal balance is maintained in a narrower range for alignment of the spine over the pelvis and femoral heads.
Although changes with age and sex were often inconsistently reported among the 12 selected articles, several correlations were consistently found. Increasing age correlated with decreasing lordosis at the occiput-C2 angle by approximately 1 to 2˚ per decade of life and increasing lordosis at the C2-7 angle by approximately 1 to 2˚ per decade of life. 6, 20, 22 In females, the mean occiput-C2 angle was greater than that in males by approximately 1 to 2˚. 20, 22 Increasing age correlated with an increasing positive C7-S1 SVA. 4, 13 In addition to the radiographic assessment of sagittal spinal alignment, the neutral upright CBVA in asymptomatic adults correlated well with horizontal gaze. The angle subtended by the chin-brow line and horizontal gaze is approximately 90˚ in neutral upright standing asymptomatic adults looking straight ahead with horizontal gaze.
The current statistical analysis is limited by the available data and significant limitations exist. The authors of the 12 studies did not account for differences with ethnicity and comorbid medical conditions. Nor did they analyze neutral standing sagittal occiput-pelvis alignment in the same group of patients; rather, the studies were focused on more limited anatomical regions of the spine. "Asymptomatic" was defined differently in almost every study, and the "neutral upright position" was often poorly defined in the articles, with details of exact position not included. Cervical lateral radiographs were obtained with patients in either a neutral upright sitting or neutral upright standing position. Thoracolumbosacropelvic lateral longcassette radiographs were acquired in a neutral upright standing position, but details of exact arm and leg positions were not always included; the position of the arm and leg has been previously reported to influence sagittal spinal balance measurements. 27, 28 Measurement methods for the sagittal spinal alignment angles and displacements varied significantly among the 12 studies; when data were available for different measuring techniques, the measurement methods were selected for inclusion in the analysis based on accuracy and reproducibility studies. [8] [9] [10] 12, 14, 24, 25 Radiographic film-tube distances varied between studies, changing magnification on the radiographs. Fortunately, most measurements in the present study were sagittal spinal angles, and the angles should not significantly vary with changes in magnification. For displacements, the SVA measurements were all performed on standard longcassette radiographs using standard radiographic filmtube distances (standardly interpreted to be a mean 36-in long-cassette radiograph and 72-in subject-film tube distance). Finally, given the wide anatomical region of study and the multitude of previously published investigations, it is possible that our literature review missed a study that would have further enhanced the present data.
Because the roles of spine surgeons who perform instrumented spinal fusion and deformity correction continue to evolve, it is important to acquire a better understanding of regional and global spinal alignment. The data summarized in Table 2 can help the spine surgeon understand global upright sagittal spinal alignment and the contribution of each spinal region to overall spinal alignment and balance. By breaking the spine down into evaluable regions and relating each to global sagittal spinal alignment, the spine surgeon may be able to understand better the clinical disease and more clearly develop strategies to address effectively the critical issue of sagittal spinal alignment.
Conclusions
Regional and global sagittal spinal alignment is increasingly recognized as important in clinical evaluation and surgical outcome. In our analysis of the existing literature, we identified 23 angles and displacements for the evaluation of neutral upright sagittal occiput-pelvis alignment in asymptomatic adults. Although the undulating lordotic and kyphotic regional curves vary widely from the occiput to the pelvis in asymptomatic adults, sagittal spinal balance is maintained in a narrower range for alignment of the spine over the pelvis and femoral heads.
